Rackauskas M, Verselis VK, Bukauskas FF. Permeability of homotypic and heterotypic gap junction channels formed of cardiac connexins mCx30.2, Cx40, Cx43, and Cx45. Am J Physiol Heart Circ Physiol 293: H1729-H1736, 2007. First published June 8, 2007; doi:10.1152/ajpheart.00234.2007.-We examined the permeabilities of homotypic and heterotypic gap junction (GJ) channels formed of rodent connexins (Cx) 30.2, 40, 43, and 45, which are expressed in the heart and other tissues, using fluorescent dyes differing in net charge and molecular mass. Combining fluorescent imaging and electrophysiological recordings in the same cell pairs, we evaluated the singlechannel permeability (P ␥). All homotypic channels were permeable to the anionic monovalent dye Alexa ), but mCx30.2 channels exhibited a significantly lower P ␥ than the others. The anionic divalent dye Lucifer yellow (LY) remained permeant in Cx40, Cx43, and Cx45 channels, but transfer through mCx30.2 channels was not detected. Heterotypic channels generally exhibited P ␥ values that were intermediate to the corresponding homotypic channels. P ␥ values of mCx30.2/Cx40, mCx30.2/Cx43, or mCx30.2/Cx45 heterotypic channels for AF 350 were similar and approximately twofold higher than P ␥ values of mCx30.2 homotypic channels. Permeabilities for cationic dyes were assessed only qualitatively because of their binding to nucleic acids. All homotypic and heterotypic channel configurations were permeable to ethidium bromide and 4,6-diamidino-2-phenylindole. Permeability for propidium iodide was limited only for GJ channels that contain at least one mCx30.2 hemichannel. In summary, we have demonstrated that Cx40, Cx43, and Cx45 are permeant to all examined cationic and anionic dyes, whereas mCx30.2 demonstrates permeation restrictions for molecules with molecular mass over ϳ400 Da. The ratio of single-channel conductance to permeability for AF 350 was ϳ40-to 170-fold higher for mCx30.2 than for Cx40, Cx43, and Cx45, suggesting that mCx30.2 GJs are notably more adapted to perform electrical rather than metabolic cell-cell communication.
adult mice (46) ; hCx31.9 is the putative human ortholog of mCx30.2 (26, 44) . Until recently, Cx40, Cx43, and Cx45 have been regarded as the three major cardiac connexins with distinct expression patterns that have an effect on the spread of excitation within and between different regions of the heart (36, 34) . Blood vessels express Cx40, Cx43, Cx45, and Cx37, with Cx40 most abundantly expressed in endothelial cells and Cx43 in smooth muscle cells (6) .
Cell-to-cell dye transfer studies have been used to examine whether dyes of different net charge and size can permeate gap junction channels formed of different Cx isoforms. Techniques used most often to evaluate dye permeability include monitoring dye transfer after scrape-loading in a cell monolayer or injection of dye into a single cell through a microelectrode and monitoring fluorescence recovery after photobleaching (FRAP). These techniques are relatively easy to use, but they do not provide a measure of specific or single-channel permeability without assessment of the number of functional channels mediating dye transfer between cells. There were several attempts to determine specific or single-channel permeability by correlating cell-to-cell transfer of fluorescent dyes or radioactive compounds with GJ channel numbers estimated using electron microscopy (4, 5, 43 ; reviewed in Ref. 41 ). More recently, Weber et al. (42) reported single GJ channel permeabilities of six connexin isoforms expressed in Xenopus oocytes for fluorescent Alexa probes that vary in size but possess the same net charge. A similar approach was used to quantify dye flux through single Cx40, Cx43, and Cx45 GJ channels expressed in HeLa cells (38, 39) . Recently, Eckert (16) reported single-channel permeabilities for Lucifer yellow (LY) and calcein in mammalian cells expressing Cx43 and Cx46, and Ek-Vitorin et al. (18) showed that permeability of Cx43 channels can be efficiently modulated by phosphorylation.
Previous studies have documented that GJs are permeable to second messengers involved in cell signaling, such as Ca 2ϩ and phosphatidylinositol 1,4,5-trisphosphate (27, 31, 33) . Metabolites such as glutamate, glutathione, ADP, and AMP show ϳ15-fold higher permeabilities through Cx43 channels, whereas adenosine is ϳ10-fold more permeable through Cx32 channels (19, 20) . The above-mentioned signaling molecules and metabolites are comparable in molecular mass and net charge to the most often used fluorescent dyes, suggesting that data obtained by studying dye transfer would likely be informative for metabolic communication as well.
In this study, we assessed the single-channel permeability (P ␥ ) of homotypic and heterotypic GJ channels formed of mCx30. 2 350 (␥/P ␥ ) was ϳ40-to 170-fold higher for mCx30.2 than for Cx40, Cx43, and Cx45, suggesting that mCx30.2 GJs are notably more adapted to perform electrical rather than metabolic cell-cell communication.
METHODS
Expanded METHODS are provided in online data supplements (supplemental data for this article is available online at the American Journal of Physiology-Heart and Circulatory Physiology website).
Cell lines and culture conditions. Experiments were performed in HeLa cells transfected with wild-type Cx30.2, Cx40, or Cx43 and Cx45 and their fusion forms with color variants of green fluorescent proteins (EGFP or CFP). Vectors used for transfection and cell lines were developed in collaboration with the laboratories of Dr. D. W. Laird (Cx43-CFP and Cx43-EGFP) and Dr. K. Willecke (mCx30.2-EGFP and Cx40-CFP); see Refs. 11, 23, and 30 for more details. To study heterotypic junctions, cells expressing different connexins were seeded on coverslips. Isolated heterotypic cell pairs were selected by identifying those in which the two cells were expressing GFPs differing in color or in which one cell expressed GFP and other was labeled with 4,6-diamidino-2-phenylindole (DAPI) or DiI.
Electrophysiological measurements. For simultaneous electrophysiological and fluorescence recording, cells grown onto coverslips were transferred to an experimental chamber mounted on the stage of inverted microscope equipped with a fluorescence imaging system. Junctional conductance (g j) was measured using the dual whole cell patch clamp. Briefly, each cell of a pair was voltage clamped independently with a separate patch clamp. By stepping the voltage in cell 1 (⌬V 1) and keeping the other constant, junctional current (Ij) was measured as the change in current in the unstepped cell 2 (⌬I2): Ij ϭ ⌬I2. Thus gj was obtained from the ratio ϪIj/⌬V1, where the negative sign indicates that junctional current measured in cell 2 is oppositely oriented to that measured in cell 1. To avoid affects of series resistance on measurements of g j (45), we selected cell pairs exhibiting small junctional plaque(s) (JP), typically exhibiting relatively low levels of coupling, and maintained pipette resistances below 5 M⍀.
Fluorescence imaging and dye transfer studies. Fluorescence signals were acquired using UltraVIEW software for image acquisition and analysis (Perkin Elmer Life Sciences, Boston, MA). For dye transfer studies, a given dye was introduced into one cell of a pair (the donor cell) through a patch pipette in whole cell voltage-clamp mode. Typically, this resulted in rapid loading of the cell, followed by dye transfer to the neighboring (recipient) cell. After ϳ6 -10 min were allowed for dye spread, a whole cell recording was established in the recipient cell to measure g j. Total junctional permeability (Pdye) was evaluated according to Pdye ϭ vol2 ϫ ⌬C2/[⌬t(C1 Ϫ C2)] (22, 40) , where C1 and C2 are the dye concentrations in cell 1 (donor) and cell 2 (recipient), respectively; t is time, and vol2 denotes the volume of cell 2. Cell volume was approximated as a hemisphere. The diameter of a hemisphere was determined by averaging the longest and shortest diameters of the cell; on average, the volume of examined HeLa cells was ϳ1,800 m 3 . Assuming that dye concentration is linearly proportional to fluorescence intensity (FI), which for a number of anionic dyes at concentrations below 1 mM is supported by our studies as well as others (17, 39) , then C 1 ϭ k ⅐ FI1 and C2 ϭ k ⅐ FI2, where k is a proportionality constant. Single-channel permeability (P␥) can be described as follows: P␥,dye ϭ vol2 ϫ ⌬FI2/[⌬t(FI1,n Ϫ FI2,n)(gj/␥)], where ⌬FI2 ϭ (FI2,nϩ1 Ϫ FI2,n) is the change in FI in cell 2 over the time ⌬t ϭ (t nϩ1 Ϫ tn), n is nth time point in the recording, FI1,n Ϫ FI2,n is the FI gradient between cells, and gj/␥ is the number of open channels. To increase dye detection sensitivity, which is particularly important in cases where coupling is weak and/or channel permeability is low, imaging in time-lapse mode was performed as follows. First, the entire visible field was exposed to excited light that was followed by focused excitation light directed only at the dye recipient cell. The latter allowed us to avoid emission light scattering from the dye donor cell as well as from the dye-filled pipette that can obscure dye transfer to the recipient cell in cases where permeability is low or give the appearance of dye transfer when it is, in fact, absent.
To minimize dye bleaching, imaging was performed in time-lapse mode, i.e., cells were periodically exposed (every 6 s or more) to a low-intensity light for ϳ0.4 s. We also used low dye concentrations to load the cells, typically 0.1 mM and below, which minimized photo toxicity but still provided satisfactory fluorescence intensities. We found no difference in fluorescence intensity over time when images were acquired once every 20 s or every 6 s, indicating that dye bleaching was minimal.
RESULTS

Permeability of homotypic GJ channels.
Experiments were performed in cell pairs stably expressing mCx30.2, Cx40, Cx43, or Cx45 of wild type and/or fused with color variants of GFP (see METHODS) . Figure 1A shows representative examples of homologous cell pairs containing homotypic junctions in which cell-to-cell transfer of dyes is illustrated. Dyes used include the following (molecular mass of the fluorescent ion, valence): LY (443, Ϫ2), AF 350 (326, Ϫ1), ethidium bromide (EtBr) (314, ϩ1), DAPI (279, ϩ2), and propidium iodide (PrI) (415, ϩ2). Table 1 summarizes the data for cell-to-cell transfer of positively charged dyes, such as EtBr, DAPI, and PrI, which were not quantitatively assessed because of their binding to nucleic acids. The presence or absence of dye transfer was assessed only in cell pairs that were electrically coupled with g j values exceeding 1 nS. Both Table 1 and Fig. 1A show that Cx40, Cx43, and Cx45 are permeable to all dyes we examined. Only mCx30.2 GJs were not permeable to LY and PrI. Both these dyes are larger in molecular mass than the others.
To assess a permeability of the negatively charged dyes AF 350 and LY, which do not appreciably change their quantum efficiency in the cytoplasm, we measured changes in fluorescence intensities in both cells (FI 1 and FI 2 ) over time (see Fig. 2A for LY transfer in HeLaCx43-EGFP cell pair). From these measurements, we determined flux and then normalized to g j to evaluate P ␥ (see METHODS). In each experiment, a pipette filled with dye was attached to one cell (cell 1) and the pipette without dye was attached to the other cell (cell 2). The patch in cell 1 was opened to fill it with dye and to observe dye transfer to cell 2. Approximately 10 min later, the patch in cell 2 was opened to measure g j in dual whole cell voltage-clamp mode.
A plot of P ␥ vs. time ( Fig. 2B) shows that P ␥,LY of a Cx43-EGFP channel was ϳ25 ϫ 10 Ϫ15 cm 3 /s and remained essentially constant during ϳ3 min of recording. Figure 2C shows an example of AF 350 transfer in a mCx30.2-EGFP cell pair. Typically, mCx30.2-EGFP channels exhibit very poor dye transfer (see FI measured over time in the inset at an extended scale in Fig. 2C ), which can be detected only by using focal excitation of individual cells as described in METHODS. A plot of P ␥ vs. time (Fig. 2D) shows that P ␥,AF-350 of mCx30.2-EGFP channels was ϳ4 ϫ 10 Ϫ17 cm 3 /s. A bar graph (Fig. 3A ) shows the mean P ␥ values we obtained for all four homotypic channels for AF 350 and LY. The data show that, on average, P ␥ values of Cx40, Cx43, and Cx45 GJs for AF 350 were ϳ4.5-fold higher than for LY. Transfer of LY between mCx30.2-EGFP cells was not detected. Cx43-EGFP and mCx30.2-EGFP exhibited the highest and lowest permeabilities for AF 350 with an ϳ2,000-fold difference, even though single-channel conductances differ by only ϳ12-fold. Cx43 exhibited ϳ2.6-fold higher permeability for AF 350 and ϳ3.6-fold higher permeability for LY than Cx40 despite the fact that the single-channel conductance of a Cx40 channel is higher [150 vs. 115 pS (2, 7, 10)]. P ␥ values for AF 350 and LY were ϳ15-fold lower for Cx45 than for Cx43 despite the fact that conductances of open channels differ by only ϳ3.6-fold [32 vs. 115 pS (7, 9) ]. We found no difference in P ␥,AF-350 and P ␥,LY for Cx43 and Cx43-EGFP channels, indicating that the GFP tag does not affect dye transfer (data not shown).
Permeability of heterotypic junctions. Studies were performed in cocultures containing different paired combinations of HeLa cells expressing mCx30.2-EGFP, Cx40-CFP, Cx40, Cx43-CFP, or Cx45. When wild-type (untagged) Cxs were used as one of the cell lines, the cells were identified by prelabeling with DAPI or DiI. Cell pairs forming heterotypic junctions were selected based on GFP fluorescence and/or labeled dye. There are six possible heterotypic junctions. Of these, we found that all but Cx40/Cx43 formed functional channels; Cx40/Cx43 appear to be incompatible to form heterotypic junctions because of their inability to dock (30) . Previously (23), our group reported that mCx30.2 forms functional heterotypic junctions with Cx40, Cx43, and Cx45, exhibiting single-channel conductances of 18, 18, and 17 pS, respectively.
All remaining five types of heterotypic junctions, indicated in Fig. 3B , readily showed formation of JPs evident as fluorescing puncta in the junctional region. Figure 1B illustrates two cell pairs forming a heterotypic mCx30.2-EGFP/Cx40-CFP GJ (a) and a heterotypic mCx30.2-EGFP/Cx43-CFP GJ (b); CFP fluorescence is shown in green and EGFP in red. Table 2 summarizes permeability data for all the heterotypic junctions for positively charged dyes. All the junctions were permeable to EtBr and DAPI, whereas PrI permeated only Cx43/Cx45 junctions. PrI did not permeate mCx30.2 homotypic junctions as well as all heterotypic junctions containing mCx30.2 hemichannel.
Although it is problematic to quantify cell-cell transfer of positively charged dyes, the experiments suggest that permeability of Cx45/Cx43 channels for PrI is higher than that of Cx45 homotypic channels. For example, Fig. 1C shows cellcell transfer of PrI in a HeLaCx45-CFP/HeLaCx43-EGFP cell EtBr
Summary data are from homotypic gap junction (GJ) channels in which transfer of positively charged dyes was evaluated as present (ϩ) or absent (Ϫ). Numbers in parentheses are the number of experiments (n), which only includes cell pairs in which single-channel conductance (gj) was Ͼ1 nS. EtBr, ethidium bromide; DAPI, 4,6-diamidino-2-phenylindole; PrI, propidium bromide.
pair in which g j was ϳ45 nS. Fluorescence intensity measured in the recipient cell (1 asterisk) was ϳ0.35 of that in the dye donor cell (2 asterisks). In a Cx45 homotypic cell pair (Fig. 1A,  bottom right) , in which g j was ϳ40 nS and quite similar to that shown in Fig. 1C , the ratio of fluorescence in the injected and recipient cells was ϳ0.13, i.e., ϳ3-fold smaller. Unitary conductance of a Cx43/Cx45 channel is ϳ1.7-fold higher than of a Cx45 channel (9) . Thus the Cx45/Cx45 cell pair (Fig. 1A) contains ϳ1.5-fold more functional channels than the Cx45/ Cx43-EGFP cell pair (Fig. 1C) . This example suggests that permeability for PrI is several times lower in Cx45 homotypic GJ channels than in Cx43/Cx45 heterotypic channels. Figure 3B shows mean values of P ␥ for AF 350 and LY. We found that heterotypic junctions containing mCx30.2 hemichannels were not permeable to LY. This is in accordance with a lack of LY transfer between HeLa cells expressing mCx30.2-EGFP (23) (see also Fig. 3A) . P ␥ values of heterotypic channels containing a mCx30.2 hemichannel for AF 350 were generally 2-fold higher than those of mCx30.2 homotypic channels and ϳ100-fold lower than P ␥ values of Cx40-CFP/Cx45 and Cx43-EGFP/Cx45 channels. Cx40-CFP/Cx45 and Cx43-EGFP/Cx45 channels exhibited similar P ␥ values for both LY and AF 350 , ϳ2 ϫ 10 Ϫ15 and 15 ϫ 10 Ϫ15 cm 3 /s, respectively. In summary, these dye transfer studies suggest that hemichannels retain their permeability characteristics in both homo-and heterotypic configurations of GJ channels.
DISCUSSION
Cardiomyocytes express several connexins, which can form homotypic, heterotypic, and possibly heteromeric GJ channels. The composition and expression patterns of these channels determines excitation spread as well as metabolic cell-cell communication throughout the heart. Permeability properties of homotypic GJ channels formed of Cx40, Cx43, and Cx45 have been examined quite extensively (16, 20) . Recently, mCx30.2 was added to the list of cardiac Cxs, and mCx30.2 
Summary data are from heterotypic GJ channels in which transfer of positively charged dyes was assessed as present (ϩ) or absent (Ϫ). Numbers in parentheses (n) include only cell pairs in which gj Ͼ 1 nS.
GJs were shown to transfer positively and negatively charged dyes such as neurobiotin, EtBr, DAPI, and AF 350 but not larger dyes such as LY or PrI (reviewed in Ref. 24) . GJs between human embryonic kidney (HEK) cells expressing hCx31.9, the human ortholog of mCx30.2, were reported to lack transfer of LY as well (26) . These results suggest that mCx30.2 channels do not appear to be particularly selective on the basis of charge but restrict passage of molecules with molecular mass Ͼ400 Da. There are only a few studies examining permeability of heterotypic junctions quantitatively. Cao et al. (14) , using cell pairs of Xenopus oocytes and HeLa cells expressing Cx32 and Cx26, showed that Cx32/Cx26 heterotypic channels have a permeability to LY that is intermediate between Cx32 and Cx26 homotypic GJ channels. A more recent study (42) reported single-channel permeabilities of heterotypic junctions formed of Cx26, Cx32, Cx37, and Cx43 and concluded that in heterotypic GJ channels, "permeability characteristics are determined by the more restrictive parental homotypic channel," For more, see the review in Ref. 20 .
Several groups have made an attempt to evaluate the permeability of a single GJ channel, P ␥ , by using different methodical approaches. Biegon et al. (4) attempted to determine the diffusion coefficient of the Cx43 channel endogenously expressed in Novikoff cells by correlating LY transfer with GJ channel numbers estimated from electron microscopic studies. Eckert (16) used this value of the diffusion coefficient to evaluate P ␥ and found it equal to 37 ϫ 10 Ϫ15 cm 3 /s. Valiunas et al. (39) calculated the amount of dye flux through single Cx40 and Cx43 GJ channels. Using these data and assuming a constant dye concentration gradient over short time intervals, P ␥ for LY is estimated to be ϳ2 and 0.4 ϫ 10 Ϫ15 cm 3 /s for Cx43 and Cx40, respectively. Similarly, in another study (38) , P ␥,LY for Cx45 was estimated to be ϳ0.3 ϫ 10 Ϫ15 cm 3 /s. Weber et al. (42) determined the permeabilities of Alexa-type dyes in Xenopus oocytes for several connexin isoforms, including Cx43, by using a compartmental model (28) and found P ␥,AF-350 to be 180 ϫ 10 Ϫ15 cm 3 /s for Cx43. Recently, Eckert (16) reported a P ␥,LY of ϳ17 ϫ 10 Ϫ15 cm 3 /s in BICR/M1Rk cells (a rat mammary tumor cell line that endogenously expresses Cx43 channels) and ϳ39 ϫ 10 Ϫ15 cm 3 /s in HeLa Cx43 transfectants; our P ␥,LY value for HeLaCx43-EGFP cells (24.6 ϫ 10 Ϫ15 cm 3 /s) falls in between these two estimates. For more information on the issue of potential sources for differences in P ␥ measurements, see the discussions in Refs. 16 and 42.
Our calculations of P ␥ assumed that the junctional conductance we measured is defined by the number of channels that are in the open state, n ϭ g j /␥ open . All measurements were performed at V j values close to 0 mV. For Cx40, Cx43, and mCx30.2 GJs, the channels generally reside in the open state at or near V j ϭ 0 mV (10, 23) . For Cx45, it was shown that at V j ϭ 0 mV, only ϳ50% of channels at any given time are open while the other 50% of the channels are fully closed by the slow gating mechanism (9). Thus Cx45 channels at V j ϭ 0 mV can gate between open and closed states; gating to and from the substate appears at V j values approximately Ͼ20 mV. Therefore, for all Cxs examined in this study, the ratio g j /␥ open is a reliable measure of the number of open channels. The situation becomes more complicated when dye transfer is performed at V j values that can induce gating to the substate by the fast gating mechanism; properties of fast and slow gating mechanisms are reviewed in Ref. 13 . As previously shown, the substate or residual state exhibits very different dye permeability characteristics, e.g., in HeLa cells expressing Cx43, GJ channels residing in the residual state are not permeable to AF 350 , which permeates open Cx43 channels (8) , and in Xenopus oocytes expressing Cx43 or Cx46, V j -gated GJ channels restrict the passage of fluorescent tracer molecules and cAMP (29) . Thus a physiological role of the fast voltage gate may be to selectively restrict the passage of large molecules between cells while maintaining electrical coupling. Another critical aspect in determining P ␥ is a proper measure of g j , which can be underestimated mainly because of the series resistances of the pipettes (45); typically, resistance of the patch pipette was maintained below 5 M⍀. For a cell pair with g j ϭ ϳ1 nS, those underestimates are small, but they can be substantial in cases where g j is larger. Thus, if the conductance of a GJ is underestimated, the calculated P ␥ is overestimated, because there are more channels than determined from the ratio g j /␥; see the equation in METHODS describing P ␥ evaluation. This also may explain, to some degree, differences in P ␥ , LY estimates for Cx43 in our study and earlier studies (16, 39, 42) .
In quantifying permeability of a single GJ channel, there are several potential sources of error in addition to dye bleaching and estimates of cell volume (see METHODS). These sources include dye binding to intracellular constituents and dye leakage from the cell. To roughly evaluate dye binding to cytoplasmic constituents, we loaded individual cells either with LY or AF 350 using a dye-containing patch pipette. We examined loss of dye by time-lapse imaging for ϳ10 min, a time period similar to that used to evaluate P ␥ in cell pairs, after removing the pipette. Afterward, a second patch pipette lacking dye was used to evaluate the input resistance of the cell and then to injure the cell by fast detachment. Typically, fast (a few seconds) detachment of the pipette leads to a low-resistance seal of the excited patch and leakage of dye from the cell, whereas very slow (ϳ3-5 min) detachment leads to formation of high-resistance seal of patches and no fast dye leakage from the cell. Fluorescence imaging showed a rapid decay in fluorescence to nearly undetectable levels within 1-2 min of injury. The remaining fluorescence corresponded to, on average, ϳ3% for LY and ϳ1% for AF 350 . Thus binding of LY and AF 350 within a period of ϳ10 min appears to be minimal and would affect measurements of P ␥ by underestimating their values by only 3%, at most, for LY and even less for AF 350 . We found that during the second patching of a cell, the input resistance was similar that measured during the first patching. The cell morphology also showed no changes. Thus loading of the cell with dye and subsequent slow removal of the pipette (typically followed by formation of a high-resistance patch, Ͼ1 G⍀) did not compromise cell membrane integrity.
To determine whether there was appreciable dye leakage from the cells through unapposed hemichannels or other pathways, we monitored fluorescence decay over several hours using time-lapse imaging after loading individual cells with LY or AF 350 . Earlier it was reported that HeLa and RIN cells expressing Cx45 leak ϳ18% of LY molecules over a period of 100 min (38) ; cells were loaded with dye by exposing them for 30 min to 2 mM LY. We expected that dyes could leak through hemichannels formed of mCx30.2 and Cx43, which have been shown to function in HeLa cells (12); Cx40 does not appear to function as a hemichannel under normal perfusion conditions (1). Figure 4 shows three representative records of fluorescence decay over time in a HeLa parental cell and in cells expressing mCx30.2-EGFP and Cx43-EGFP preloaded with AF 350 ; solid lines are fits of the data to a single exponential function. Our data show that, on average, cells expressing mCx30.2-EGFP and Cx43-CFP lose ϳ47 Ϯ 3% (n ϭ 6) and 29 Ϯ 4% (n ϭ 6) of AF 350 fluorescence, respectively, over a period of 100 min. Cells selected for dye efflux studies exhibited approximately similar levels of GFP fluorescence. Over the same time period, HeLa parental cells lose, on average, ϳ21 Ϯ 2% (n ϭ 7) of AF 350 fluorescence. Typically, we made calculations of P ␥ within 5 min of dye loading so that we could assume that the error due to leakage of AF 350 through hemichannels in HeLaCx30.2 could lead to an underestimation of P ␥ by ϳ3%, at most. For LY, this error is likely smaller because of its higher net charge and molecular mass, and according to the data of Ref. 38 , it could be Ͻ2% for Cx45. Our data show that there was no statistically significant difference in loss of LY among HeLa parental cells and cells expressing mCx30.2, which suggests that mCx30.2 hemichannels, like their cell-cell channel counterparts, are not permeable to LY. Some degree of a leak for both AF 350 and LY in HeLa parental cells can be attributed to endogenous Cx45 hemichannels and/or other pathways. In summary, these data suggest that leakage of dyes may lead to underestimation of P ␥ by ϳ3% or less for AF 350 and ϳ2% or less for LY and that these errors are Cx-type dependent.
We examined P ␥ of homo-and heterotypic channels that can form among mCx30.2, Cx40, Cx43, and Cx45 for negatively charged dyes, which largely remain unbound in the cytoplasm during the time period examined. P ␥ , a measure of singlechannel permeability, provides a useful index of dye cell-tocell transfer that is essentially independent of g j , the intensity of the excited light, and the dye concentration used. Our measurement of P ␥,LY for Cx43 is in relatively good agreement with data from Biegen et al. (4) /s). We found that Cx43 channels have an approximately threefold higher permeability for AF 350 and LY than Cx40 channels despite the fact that the single-channel conductance of Cx40 is higher than that of Cx43 (150 vs. 115 pS). Cx40 channels exhibit substantially smaller permeability to anions than cations (2, 3), whereas Cx43 is largely nonselective on the basis of charge (37) . This may explain the smaller P ␥ value of Cx40 than Cx43 channels for negatively charged dyes. P ␥ values of Cx45 for AF 350 and LY are ϳ15 to 20 times lower than those of Cx43, even though the single-channel conductance of Cx45 is ϳ4-fold smaller than that of Cx43. In summary, our data show that P ␥ values of Cx43, Cx40, Cx45, and mCx30.2 homotypic GJ channels for AF 350 are ϳ86, 33, 5.5, and 0.04 ϫ 10 Ϫ15 cm 3 /s, respectively (Table 3) . Permeabilities of Cx40, Cx43, and Cx45 GJs for LY are ϳ4 -5-fold lower than for AF 350 , whereas mCx30.2 GJs are not permeable to LY.
Permeabilities of heterotypic mCx30.2/Cx40, mCx30.2/Cx43, or mCx30.2/Cx45 channels for AF 350 are all similar and approximately twofold higher than the permeability of a mCx30.2 homotypic GJ channel (0.04 ϫ 10 Ϫ15 cm 3 /s). This suggests that the permeability characteristics of these hemichannels are maintained upon docking and that when a mCx30.2 hemichannel docks with a hemichannel exhibiting a much higher permeability, the mCx30.2 hemichannel largely determines the permeability of whole GJ channel. This conclusion is in accordance with studies demonstrating that permeability of heterotypic GJ channel is determined by the more restrictive hemichannel (42) . P ␥ values of Cx40-CFP/Cx45 and Cx43-EGFP/Cx45 GJ channels to AF 350 and LY are similar (ϳ15 ϫ 10 Ϫ15 and ϳ2 ϫ 10 Ϫ15 cm 3 /s, respectively; P Ͻ 0.05) despite the fact that permeabilities of Cx40 and Cx43 GJ channels differ approximately fourfold. In summary, our dye permeability studies show that the permeability property of a hemichannel is unchanged when docked homotypically or heterotypically. For any given dye and for any pairing combination we examined, the measured permeability was found to be in between those of the corresponding homotypic junctions, in agreement with earlier reports (20) . In heterotypic junctions in which one of the hemichannels is considerably less permeant to a particular dye, the lower permeability hemichannel will largely determine the permeability of the whole channel. In the case of mCx30.2, which exhibits the smallest conductance of any Cx isoform (23) and whose permeability to dyes is generally low, most pairing combinations result in heterotypic channels with very similar permeability characteristics.
Permeabilities of positively charged dyes could only be assessed qualitatively. Our study shows that Cx40, Cx43, and Cx45 channels were permeable to all three of the positively charged dyes we examined. For mCx30.2, we detected transfer of DAPI but did not observe transfer of PrI. Both are divalent, cationic dyes, but DAPI is smaller in size than PrI. This result, together with the lack of LY transfer, indicates that discrimination in mCx30.2 is likely the result of size rather than charge and suggests that there may be a constriction in the pore of mCx30.2 channels that limits the passage of molecules greater than ϳ400 Da.
In Cx43, Cx40, Cx45, and mCx30.2 homotypic GJ channels, the ratios of single-channel conductance to permeability for AF 350 (␥/P ␥,AF-350 ) are 1.3, 4.5, 5.8, and 225 ϫ 10
Ϫ3
S⅐cm Ϫ3 ⅐s, respectively. These ratios suggest that mCx30.2 GJ channels are ϳ40-to 170-fold more adapted than GJs formed of other cardiac Cxs for electrical cell-to-cell signaling rather than for metabolic communication. Given that the permeability and conductance properties of Cxs appear to be retained in hemichannels and cell-cell channels (see Ref. 39 for Cx45; reviewed in Ref. 32) , it is possible that mCx30.2 hemichannels can function as membrane ion channels without introducing leak of metabolites that can be detrimental to the cell. This statement may appear contradictory because of higher dye uptake by HeLa cells expressing mCx30.2 than by cells expressing Cx43 (12) . Earlier our group reported that mCx30.2 hemichannels remain largely open at positive and negative membrane potential (V m ) (12) , whereas Cx43 hemichannels close at negative V m and open at large positive V m (15) . Therefore, the open probability of mCx30.2 hemichannels is likely to be much higher than that of Cx43 hemichannels at the resting potential under normal perfusion conditions. We assume that the slow gating mechanism tends to close Cx43 hemichannels at the resting potential because of its substantial sensitivity to voltage. Voltage gating sensitivity of mCx30.2 GJ channels is the lowest among Cx isoforms (23) , and this may explain why mCx30.2 hemichannels operate at positive and negative potentials (12) . Thus differences in voltage gating sensitivity likely explain the differences in dye uptake among cells expressing Cx43 and mCx30.2. In support of this, our studies show that AF 350 leaks faster from cells expressing mCx30.2 than from HeLa parental cells (see Fig. 4 and supporting text) (P Ͻ 0.001), whereas there is no statistically significant difference between these two types of cells for the leak of LY (P Ͼ 0.4). These data indicate that mCx30.2 hemichannels, like their GJ channel counterparts, are permeable to AF 350 but not to LY. The inferred poor selectivity among the monovalent inorganic cations and anions, principally Na , suggests that open mCx30.2 hemichannels will exert a depolarizing influence on nodal cells that may slow propagation of excitation by inactivating excitatory inward currents (25) . Thus mCx30.2 may represent an evolutionary selection, reflecting the need to function in nodal tissues as GJ channels and as membrane channels (hemichannels) without compromising cell survival.
